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To investigate the dynamics of driven vortices in superconductors, noise in the local vortex density
was investigated in the mixed state of a high-Tc superconductor, Bi2Sr2CaCu2Oy, using a two-
dimensional electron gas (2DEG) micro-Hall probe array. We studied the cross-correlation function,
together with the auto-correlation function, both parallel and perpendicular to the direction of flow
of the vortices. The broadband noise (BBN) did not have large spatial correlations. This suggests
that the BBN is due to the fluctuation of the local vortex density generated by bulk pinning centers
under the area of each probe. On the other hand, the narrow-band noise (NBN) (with the the time
scale of the transit time of vortices) had large translational correlations. These definitely shows that
the NBN was generated by semimacroscopic imperfections like the surface, and macroscopic line
defects etc.. In relation to the dynamic phase diagram, large BBN was observed when the vortices
started moving. The dependence of the spatial correlations on the direction of the array relative
to the direction of the driving current suggested that plastic flow was present when the large BBN
was observed. The gross features of our data agree well with some of the theoretically proposed
dynamical phase diagrams of vortices in superconductors.
I. INTRODUCTION
Since the discovery of high-temperature superconduc-
tivity in cuprates, the physics of the vortex matter has
attracted greater attention than before the high-Tc era.
This is because, in high-Tc superconductors, various im-
portant energy scales such as thermal energy, pinning
energy, elastic energy, and interaction between vortices
are comparable with each other, which leads to a rich
variety of new physics in the mixed state of high-Tc su-
perconductors [1]. In particular, the physics of current-
driven vortices has attracted much recent attention [2].
This subject concerns the physics of a driven system un-
der random pinning, and much work has been focused
on the nature of the moving state and also on the dy-
namic phase diagram, namely the phase diagram in the
H −T −F (F is the driving force) space. The physics of
driven vortices has many common aspects to the dynam-
ics of charge- and spin-density waves (CDW and SDW)
in quasi-one dimensional materials, and to the dynam-
ics of Wigner crystals in correlated materials, and also to
solid friction. This means that the subject probes a quite
general, important issue in condensed-matter physics.
In high-Tc superconductors, a complex equilibrium
phase diagram, particularly the presence of the first-order
transition (FOT) of the vortex lattice [2–4], makes the
problem more complicated and challenging.
In a textbook of superconductivity [5], the situation
has been considered where a vortex lattice moves elasti-
cally under a driving force. If there is finite pinning, flux
creep takes place. On the other hand, when there is al-
most no pinning, flux flow occurs. In both cases, vortices
were considered to move in an elastic bundle. Recently,
however, a more complex form of vortex motion has been
considered. Several theoretical studies [6–9] and numeri-
cal simulations [10–14] have discussed in detail the possi-
ble dynamical phases of driven vortices in superconduc-
tors. Many of them agree with each other regarding the
following aspects. If the driving force increases, depinned
vortices start moving. When the driving force is small,
vortices move in a plastic manner (plastic flow (PF)),
where there are channels in which vortices move with a
finite velocity, whereas in other channels vortices remain
pinned. Thus, between moving channels and static chan-
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nels, there are dislocations in the vortex lattice. With
further increasing driving current, vortices tend to re-
order. This is a common feature of the theoretical studies
listed above. However, regarding the exact detail, there
has been no consensus on what the dynamical phase of
the vortices should be.
Koshelev and Vinokur [6] proposed a dynamic melting
under a finite driving force. Through this dynamic melt-
ing, the stationary vortex lattice changes into the mov-
ing vortex lattice. In addition, the critical field (or the
critical temperature) corresponding to the FOT of the
vortex lattice in the equilibrium state did not depend on
the driving force.
Giamarchi and Le Doussal [8] proposed another or-
dered phase, the moving-Bragg-glass. This phase is char-
acterized by the presence of translational order whose
spatial correlation decays in a power law both parallel
and perpendicular to the translational motion of the vor-
tices. According to this theory, the transition between
the Bragg glass and the moving-Bragg-glass is not a
phase transition, but rather a gradual crossover. They
also argued that the Bragg glass changes into the mov-
ing Bragg glass directly, without a region of plastic flow,
if the disorder is weak. On the other hand, if the disorder
is strong, the equilibrium phase is the vortex glass. After
going through the PF, it changes into the moving trans-
verse glass, which does not posses translational order.
Phenomenologically, the moving-Bragg-glass phase can
be characterized by the presence of the so-called wash-
board oscillation, which is a periodic velocity modula-
tion caused by the interaction between an almost uni-
form translation of a periodic object and pinning centers.
Thus, the frequency, f , of the washboard oscillation is
simply given as f=v/a, where v is the velocity and a is
the spatial periodicity of the object. This phenomenon
is well known in CDW and SDW systems. [15].
On the other hand, Balents et al. [7] proposed a smectic
phase which lacks translational order in the longitudinal
direction of the flow even in the case of weak disorder.
This was based on the experimental fact that the wash-
board noise had not been observed in the vortices of su-
perconductors before, except in a system with artificially
introduced strong periodic pinning centers [16] and in the
thermally-excited motion of a limited number of vortices
[17].
Quite recently, washboard oscillation was observed
in the noise spectrum generated by driven vortex
motion under random pinning in the superconductor
Bi2Sr2CaCu2Oy [18]. This supports the notion of the
development of translational order along the flow direc-
tion, and should force reconsideration of current theories.
However, a detailed picture of the vortex motion at each
point of the dynamic phase diagram still remains a seri-
ous open question.
To elucidate this issue, several experimental efforts
have been made [17,19–22]. In particular, various imag-
ing techniques [17,21,22] have established the existence of
various states of driven vortices in conventional supercon-
ductors. However, for high-Tc superconductors, almost
nothing has been clarified, since these probes are appli-
cable only over a limited parameter range (temperature,
magnetic field, and driving force) [23–25]. For high-Tc
superconductors, we chose a slightly different approach;
local-density-noise (LDN) measurement [26–28]. Obser-
vation of low-frequency-noise has been a popular tool to
study the vortex motion both in conventional and high-Tc
superconductors [29–33], and such noise has been consid-
ered to have some relationship with various low-frequency
phenomena [34,35]. This conduction noise represents the
velocity fluctuation averaged over a macroscopic sample.
However, what we discuss below is the local-density fluc-
tuation of vortices. This probe has a merit that we can
discuss how the local fluctuations generated at different
places are correlated with each other. Yeh et al. [36]
already studied the density fluctuation using a SQUID
technique both in a conventional superconductor and in
a high-Tc superconductor. However, they did not con-
centrate on the dependence on the location nor on the
spatial correlations.
In this paper, we present the results of a study of the
LDN of vortices generated in a small area in the sample,
measured by a micro-Hall probe array, with a special em-
phasis on the spatial correlations of the noise generated
at different places both parallel and perpendicular to the
flow direction. Using this technique, we tried to clarify
(1) the nature of the vortex state at each point of the
dynamical phase space (2) the nature of the re-ordered
phase (smectic phase vs moving-Bragg-glass phase) (3)
characteristic aspects for high-Tc cuprate superconduc-
tors.
II. EXPERIMENTAL
A. Sample preparation and Characterization
The samples were single crystals of Bi2Sr2CaCu2Oy
(Bi-2212) made by the floating-zone method. Almost op-
timally doped crystals were obtained by appropriate post
annealing. They were cut into rectangular pieces with
typical dimensions of 1.5×0.5 mm2 in the ab plane and
0.02 mm thickness along the c-axis. Four probe dc resis-
tivity measurements showed no indication of other phases
such as the so-called 2223 phase (Bi2Sr2Cu2Cu3Oy). The
resistivity just above the critical temperature Tc was
∼400µΩcm. The critical temperature, Tc, ranged be-
tween 82 K and 89 K, depending on the crystals, which
is probably due to very slight differences in the chemical
composition of the material. We do not believe that these
differences of Tc between different pieces of crystal should
affect the essential physics discussed below. Table I lists
the samples which were used in the measurements de-
scribed in this paper.
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B. Local Density Noise Measurement
1. Definition of the quantities we measured
The central significance of this paper is the time (t)
dependent noise (fluctuation) of the local vortex density
at the site i, xi(t), which is correlated to its Fourier com-
ponent, Xi(f) (f is frequency) as
Xi(f) =
∫ ∞
−∞
xi(t)e
−j2piftdt. (1)
The power spectral density, Sii(f), is the square average
of Xi(f).
Sii(f) ≡ lim
T→∞
<
Xi(f)X
∗
i (f)
T
>, (2)
where * represents the complex conjugate, and <>
represents the ensemble average. According to the
Wiener-Kintchine theorem, Sii(f) is related to the auto-
correlation function, Aii(t),
Aii(t) = lim
T→∞
1
T
∫ T/2
−T/2
xi(t0)xi(t0 + t)dt0, (3)
as
Sii(f) =
∫ ∞
−∞
Aii(t)e
−j2piftdt. (4)
On the other hand, the cross-correlation function be-
tween the density noise at the i site, xi(t), and that at
the j-site, xj(t), Aij(t) is defined as
Aij(t) = lim
T→∞
1
T
∫ T/2
−T/2
xi(t0)xj(t0 + t)dt0, (5)
and represents how the fluctuations generated at these
two different places are correlated spatially. The cross-
spectral density
Sij(f) ≡ lim
T→∞
<
Xi(f)X
∗
j (f)
T
> (6)
is found to be equal to the Fourier transform of Aij(t) as
Sij(f) =
∫ ∞
−∞
Aij(t)e
−j2piftdt. (7)
Below, we use the normalized cross-spectral density,
Hij(f) =
Sij(f)√
Sii(f)Sjj(f)
. (8)
Note that the cross-spectral density, Sij , and the normal-
ized cross-spectral density, Hij , are complex quantities.
So, we can represent
Hij(f) ≡ hij(f)eiθ(f). (9)
The amplitude, hij , is called coherence. If hij is unity,
that means the fluctuations generated at the two places
are completely correlated. On the other hand, if hij is
zero, these fluctuations are uncorrelated.
2. Measurements
The LDN of the vortices was measured by a
GaAs/GaAl1−xAsx 2DEG micro-Hall probe array (ac-
tive area; 5 × 5 µm2 or 15 × 15 µm2, spacing between
centers of each probe; 30 µm) placed on the flat surface of
the specimen. There are typically 4-6 active areas in one
array. The excitation level of the Hall probe is typically
10 µA∼ 100 µA. The voltage generated by each active
area is proportional to the local vortex density below the
area. Thus, measurement of the average voltage tells us
the local magnetization. After a differential preamplifi-
cation, the noise voltage of the Hall sensors was analyzed
by an HP-35665 FFT analyzer. Our measurement sen-
sitivity was limited by the background noise level of the
probe, which was typically 0.0005 G/
√
Hz above 200 Hz.
On the back side of the crystal, four electrodes were
attached to measure the electrical resistivity. Thus we
can investigate both the LDN and electrical resistivity
simultaneously in the same experimental run. Our ex-
perimental setup is shown schematically in Fig. 1.
Spatial correlations of the noise were measured simply
by putting the noise voltage generated at different places
into two different signal inputs of the analyzer, and calcu-
lating the cross-spectral density, Sij(f). The array could
be aligned in the direction parallel or perpendicular to
the driven current. By doing so, the spatial correlations
of the density noise could be measured both parallel and
perpendicular to the flow direction (Fig. 2).
As for the data presentation, no background (noise
sepctrum at zeor current density and zero magnetic field)
subtraction was made in the power spectral density data,
other than Figs. 7 and 10. Cross correlations were calcu-
lated with using the data without backgrownd subtrac-
tion.
The noise measurements were performed around the
FOT for various driving forces. Since the driving force
density f is expressed as
f = j×B, (10)
where j and B are the driving current density and mag-
netic field, respectively, we changed either j or B in the
experiment. For convenience, typically we swept mag-
netic field with a very slow rate under a fixed driving dc
current. It should be noted, however, in the B swept ex-
periment, the “equilibrium” condition was also changed.
For experiments which changed the driving force under
fixed “equilibrium” parameters (T and B), a j-swept ex-
periment under constant B is preferable.
In all measurements, the magnetic field was applied
perpendicular to the CuO2 plane.
III. EXPERIMENTAL RESULTS
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A. Total Features
Figure 3 shows the resistivity- and zero-current mag-
netization data of three typical samples as a function of
magnetic field under a fixed current. For instance, in
Fig. 3 (a), a clear anomaly was observed at 43 Oe, which
corresponds to the FOT in the vortex lattice. Around the
magnetization anomaly, the resistivity changed rapidly.
Although not shown in the figure, the magnetization
anomaly was found to be independent of the driving cur-
rent. This behavior is in good agreement with our pre-
vious result [24], which is also consistent with theoret-
ical predictions [6]. However, the field value where the
resistivity changes very rapidly depends on the driving
current. Thus, as was already clarified in ref. [24], the
resistivity is not a good measure of the FOT for Bi-2212.
Figure 4 shows a typical LDN spectrum as a function
of driving current under fixed magnetic field and tem-
perature. For this sample (# 72c6), the magnetic field
value of 31.8 Oe corresponds to the solid phase in the
zero-current limit. Extra noise appeared with increas-
ing driving current, and the noise spectrum consisted of
two kinds of noise, broadband noise (BBN) and narrow-
band noise (NBN) which has a peak at some frequency
and its harmonics. Previously [26], we investigated the
noise spectra as a function of magnetic field H under
fixed current density j, and found that the BBN took its
maximum just before the resistivity onset. In addition,
the NBN appeared after the BBN intensity began to de-
crease. On the other hand, the data shown in Fig. 4,
where the experiment was done for various current den-
sities j’s under a fixed magnetic field H, have total fea-
tures which appear different from what were seen in ref.
[26]. In the data shown in Fig. 4, (1) the BBN survived
up to high driving current densities (eg, up to 240 - 288
A/cm2) and (2) the NBN appeared even at a driving cur-
rent density where the BBN was still large (eg, up to 144
-240 A/cm2). These differences are apparently strange,
for both kinds of experiments are similar in the sense
that the driving force was increased. However, sweeping
the magnetic field under constant current density crosses
the magnetic field anomaly corresponding to the FOT in
the zero-current limit. On the other hand, sweeping the
current density under constant magnetic field does not
cross the magnetization anomaly. This difference leads to
the apparent differences between the data in ref. [26] and
those presented in Fig. 4. This will be shown more clearly
in the next subsection. Unlike this difference, one com-
mon feature was that the frequency of the NBN shifted to
higher frequencies with increasing driving force in both
experiments.
The data in Fig. 4 show that at higher current densi-
ties (eg., 432 A/cm2) another source of noise generation
occured. This probably corresponds to the presence of
pinning centers with different pinning forces.
It should be also noted that the presence or the ab-
sence of the NBN depended on the sample. For example,
among the three samples shown in Table I, only two sam-
ples other than #92r3 exhibited the NBN. This suggests
that the origin of the NBN is sensitive to the sample
quality. Alternatively, the NBN generation might be re-
lated to an extrinsic mechanism unconnected with the
bulk pinning properties.
In the following subsection, we will discuss the BBN in
more detail.
B. Broadband Noise
The inset of Fig. 5 shows the equi-noise contour in the
current density (j) vs magnetic field (H) plane measured
at various temperatures. The differences discussed above
can be understood more easily in this figure. That is, if
H is increased under constant j, the noise power takes a
maximum at a certain field value, and decreases rapidly
at the field corresponding to the FOT in the zero-current
limit. On the other hand, if one increases j under con-
stant H, the noise power also takes a maximum value.
However, it still remains at a rather large value. For in-
stance, if we increase j along the line of H=125 Oe at
44 K, the noise power takes a maximum at around 790
A/cm2. After this maximum, however, it remains large
up to ∼1200 A/cm2. This corresponds to the apparent
asymmetry already discussed between the data in Fig. 4
and those in ref. [26]. We consider that the asymmetry in
these two experiments is characteristic of high-Tc cuprate
superconductor, where the FOT exists in the equilibrium
phase diagram. Except for the presence of the FOT, we
consider that the behavior of the noise power is basically
symmetric in the j - H plane.
When the driving force density f=j×B is constant,
j∝1/B. If we can regard that B ∼ H, then the constant
driving force, f, corresponds to the relationship, j∝1/H.
The equi-noise power data are found to be approximately
along this constant-f curve at each temperature. Fur-
thermore, the data suggest that the noise power takes its
maximum on another constant-f curve.
To compare the noise intensity with resistivity data,
the equi-noise contour is shown together with the equi-
velocity contour at 44 K (the main panel of Fig. 5), where
the velocity v was estimated as v = ρj/B = E/B =
V/LB (E is electric field, V is voltage between the po-
tential electrodes, L is the distance between the potential
electrodes, ρ is the resistivity, j is the current density,
and B is the magnetic field). In this figure, 7.5×10 cm/s
corresponds to 10−9 Ωcm, which is about the sensitiv-
ity limit of our resistivity measurement. The data show
that the noise takes its maximum just before the resis-
tivity onset (“velocity onset”). Although the data are
not shown in Fig. 5, essentially the same results were ob-
tained at all other temperatures investigated. Thus, it
was confirmed that large BBN was generated when the
vortices start to move with a critical driving force prob-
ably corresponding to the critical current density, jc, at
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various points of the three dimensional phase diagram of
H-T -F .
Figure 6 compares the noise spectra taken at driving
current densities with the same magnitude but differ-
ent directions. Although the NBN position differed very
slightly, the BBN spectra for different driving-force di-
rections were found to be almost identical.
As was already discussed previously [26], the pres-
ence of the finger-print effect and the independence of
the driving-force direction suggest that the BBN was
generated by the bulk pinning centers located under
each probe. To see this more clearly, cross-correlation
measurements should be powerful probes, which will be
shown in section III D.
C. Narrow-band Noise
Although the BBN is suggested to have a bulk origin,
the experimental features of the NBN support a rather
different origin for the NBN. Below, we will list the ex-
perimental features of the NBN.
(1) The presence or the absence of the NBN is depen-
dent on the samples, which is in sharp contrast to the
fact that the BBN was observed in all the samples inves-
tigated.
(2) The time scale of the NBN was found to be the
transit time of vortices [26]. This is quite different from
the time scale of the NBN observed in the conduction
noise, which was the washboard noise [18].
(3) As was shown just above, the frequency of the NBN
depended on the driving-force direction. A similar phe-
nomenon was already reported in the conduction noise
data of YBa2Cu3Oy, although the magnetic field was ap-
plied parallel to the CuO2 plane [32].
All of these data suggest that the NBN generation is re-
lated to the presence of semi-macroscopic defect. Again,
to confirm this idea, cross-correlation measurements are
effective.
D. Spatial Correlation Measurement
1. BBN vs NBN
We clarified that the BBN reached a maximum just
before the resistivity onset at various points in the H-
T -F diagram. This suggests that the BBN is related
to the depinning process. On the other hand, the plas-
tic flow that was predicted close to the resistivity onset
might also be the origin of a large BBN, since the open-
ing and closing of the moving channels leads to the LDN
of vortices. To see which is more probable in the present
case, spatial-correlation measurements of the noise are
useful. As was mentioned above, spatial correlation mea-
surements of the noise are also important to determine
the origins of the NBN. If we choose a value for the cur-
rent where the NBN is clearly observed in the spectrum,
then the spatial correlations of the NBN can be studied.
On the other hand, if we choose the current value at a
level where only the BBN is observed, then the spatial
correlations of the BBN can be studied.
We will discuss the cross-correlation of the BBN first.
Figure 7 shows the power spectral density of the BBN
of sample #72c6 taken at 4 different sites. Only the
BBN was observed at all the sites at these values of H
and j. The cross-correlations were investigated between
these 4 different sites. Figure 8 shows the coherence
hij ≡ |Sij|√
SiiSjj
taken between two neighboring sites when
the sensor array was placed in the direction parallel to
the flow direction, where Sii and Sjj are the autocorrela-
tion of the noise voltage at the sites i and j, respectively,
and Sij is the cross-correlation of the noise voltage be-
tween the i site and the j site. The data in Figs. 8 (a)
and (b) show that the cross-correlation of the BBN is
∼0.02 at most above 160 Hz. Thus, the spatial correla-
tion of the BBN was found to be rather small even be-
tween the neighboring sites. It should be noted that the
data taken between site 3 and site 4 (Fig. 8 (c)) and the
low-frequency part of Fig. 8 (b) show slightly larger spa-
tial correlations. By investigating the cross-correlations
in various places in other samples, we found that the be-
havior seen between site 3 and the neighboring sites is
exceptional. We believe that the general behavior is that
the BBN shows a small spatial correlation.
Figure 9 shows the cross-correlation between sites
which are farther from each other. Although the data
taken between site 1 and site 3 show slightly larger cor-
relations only at very low frequencies, the overall result
is that the BBN shows rather small spatial correlations
also between these sites.
Next, let us move on to the NBN. Figure 10 shows
the power spectra of the NBN of sample #72c6 taken
at 4 different sites. In all spectra, the NBN was clealy
observed. Figure 11 shows the coherence hij taken be-
tween two different sites with different distances (30, 60
and 90 µm) when the sensors were put in the direction
parallel to the flow direction. It is remarkable that the
NBN shows a very large spatial correlation even between
the farthest sites (1-4), which is in sharp contrast to the
BBN data. This supports our previous conclusion that
the NBN is related to the transfer of the density fluctu-
ation generated at some point in the sample, definitely.
This also suggests the presence of semi-macroscopic de-
fects that can produce large density fluctuations. On the
other hand, the local nature of the BBN strongly sug-
gests that the BBN is generated by bulk pinning centers
under the area of each sensor.
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2. Cross-correlation of the BBN and NBN; dependence on
the array direction relative to the flow direction
We also investigated the cross-correlation of the BBN
and NBN in the direction perpendicular to the flow direc-
tion. Figure 12 shows the coherence hij taken between
two neighboring sites when the sensors were in the di-
rection perpendicular to the flow direction. Both for the
BBN and the NBN, the cross-correlations are very small.
By comparing the BBN data in Figs. 12 (a) and (b) with
those in Fig. 8, it was found that the BBN showed larger
correlations in the direction of the vortex flow than in the
perpendicular direction at low frequencies below 100 Hz.
(At high frequencies, the noise level was very close to the
background noise level. Thus, we do not discuss the data
at high frequencies.) Thus, these data suggest that the
coherence of the vortex lattice is better developed in the
translational direction than in the transverse direction.
As will be discussed in the next section, this is consis-
tent with the concept of channel-like flow characteristic
of plastic flow.
This very large anisotropy was also found in the spa-
tial correlation of the NBN. As will be discussed later,
however, we consider the meaning of the anisotropy in
the spatial correlation to be very different between the
BBN and the NBN.
IV. DISCUSSION
A. Origin of the BBN
In the previous sections, we showed the various exper-
imental features of the BBN data, some of which were
those in the solid phase and the others were in the liquid
phase. We believe that even in the liquid phase the spa-
tial correlation makes sense, for short-range correlations
exist even in the liquid phase. Thus, the discussion below
is applicable both for the solid and liquid phases.
To summarize the experimental features of the BBN,
(1) it is independent of current direction, (2) it shows
the finger-print effect, and (3) it shows rather small spa-
tial correlations even between neighboring sites (30 µm
far). All of these characteristics suggest that the BBN
is generated by local-density fluctuations caused by bulk
pinning centers which are present under the active areas
of the Hall sensor. We stress that this conclusion became
convincing by the spatial correlation measurements.
The data presented in this paper showed that the fluc-
tuations generated near site 3 show larger spatial corre-
lations compared with other fluctuations. As was dis-
cussed in the previous section, this large correlation is
exceptional, and the general trend for the BBN is small
spatial correlations. On the other hand, the noise data
from site 3, together with other correlation data, rather
suggest that the correlation length of the BBN is some-
thing between 60-30 µm.
B. Origin of the NBN
In contrast to the BBN, the experimental features of
the NBN may be summarized as follows. (1) The pres-
ence of the NBN itself is dependent on the samples. (2)
The time scale is the transit time of vortices. (3) It is
dependent on the current direction. (4) Large transla-
tional correlations exist even between the farthest sites
(90 µm). These results suggest that the NBN is related
to the semi-macroscopic transmission of the density fluc-
tuation at some location in the sample. Two candidates
for the origin are possible. One is a semi-macroscopic de-
fect in the bulk. Indeed, macroscopic linear defects were
observed in this material [37]. The other candidate is
surface. The asymmetry observed under the sign rever-
sal of the driving force strongly suggests that the surface
explanation is more plausible. In fact, in the presence
of a surface barrier, the entry and exit of the vortices
into/out of the sample was highly asymmetric [38].
C. Plastic Flow
Above, we discussed that the BBN had a bulk origin,
whereas the NBN had an origin related to the presence
of the surface barrier. Thus, below, we concentrate on
the BBN.
In previous studies of the noise generated by the vor-
tices in superconductors (mostly the conduction noise),
it was considered that the noise was generated when the
vortices were depinned, or when the vortices underwent
plastic flow [30,32,33,36]. However, it was quite difficult
to discriminate solely on these experiments which of the
two mechanisms was dominant in each set of data. In al-
most all cases of previous studies, information obtained
by numerical simulations [12–14] played an essential role
to obtain conclusions.
In the present study, however, we measured the spa-
tial correlation of the BBN directly for two different rel-
ative orientations (parallel and perpendicular to the flow
direction). Thus, it became possible to understand the
dominant mechanism of the BBN generation solely based
on the experimental data.
The magnitude of the spatial correlations of the BBN
was different when the Hall probe array was placed par-
allel to the flow direction compared to perpendicular to
the flow direction. This clearly indicates that coherence
of the vortex lattice developed better in the flow direction
than in the perpendicular direction. This is in contradic-
tion to the elastic motion of the isotropic vortex bundle.
It is rather more consistent with channel-like motion con-
sidered in the concept of plastic flow. Plastic flow was
already observed in conventional superconductors [25].
Our location-sensitive noise measurement also indicates
that plastic flow occurs in high-Tc superconductors.
Concerning on the anisotropy of the spatial correla-
tions of the BBN, one may interpret the anisotropy sim-
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ply in terms of the anisotropy of the elastic modulus of
the vortex lattice. That is, the anisotropy may simply
be due to the fact that the long-wavelength compression
modulus, c11, of the vortex lattice is much larger than
the shear modulus, c66, and may not be necessarily an
indication for plastic flow. However, we do not think
that the difference in the elastic modulus can explain the
anisotropy in the noise data. We measured the LDN in
the steady state. Thus, even if we have any differences
between c11 and c66 (they may differ by 4∼5 orders of
magnitude in the present case, indeed), the fluctuation
should have definite spatial correlations in the perpendic-
ular direction as well as in the parallel direction, provided
there is a finite c66. In other words, there will be no differ-
ences in the spatial correlation length of the fluctuation
between these two directions. Since the anisotropy data
were taken in the solid phase where c66 was finite, the
noise data would behave similarly even in quantitatively,
unless there was a plastic nature in the vortex motion.
Therefore, it is unlikely that the anisotropy in the noise
data shown up in our experiments is interpreted by the
difference in the elastic modulus. Thus, the data strongly
suggest that the plastic nature exists in the vortex mo-
tion.
The NBN was also found to have large anisotropy in
the spatial correlations. It should be noted, however, that
the large anisotropy found in the spatial correlation of
the NBN has a quite different meaning. Since it already
became clear that the NBN in the LDN is the manifes-
tation of the translation of a semi-macroscopic density
fluctuation created at the surface etc., the anisotropy in
the spatial correlation demonstrates that the fluctuation
translates in one direction parallel to the vortex flow. We
do not think that the anisotropy in the spatial correlation
of the NBN is related to the channel-like characteristics
of the vortex motion.
D. Correspondence to Theoretical Models
Finally, let us discuss the relation between our noise
data and existing theories of the dynamic states of vor-
tices.
Through our noise study, the BBN was found to be the
manifestation of the plastic motion of the vortices un-
der the effects of random bulk pinning. Since the BBN
was largest just before the resistivity onset at all tem-
peratures, it can be said that plastic flow was realized
just before the resistivity onset. This behavior is consis-
tent with almost all the existing theories and simulations
[6–8,11–14]. Thus, we could not restrict the theoreti-
cal possibilities based solely on the existing data of the
LDN. As was already mentioned in section I, the presence
of the washboard conduction noise should force certain
theories [7,11] to reconsider the dynamic state. Without
this other information, however, we could only state that
our data are consistent with all the theories currently
available.
It should be also noted that at all temperatures the
noise is very small in the liquid state. This is closely re-
lated to the presence of the FOT. However, this is quite
different from the dynamic melting/re-ordering transi-
tion proposed in ref. [6]. In general, the noise power de-
creased rapidly with increasing driving force. At present,
we cannot separate the “phase transition” from a rapid
crossover from plastic flow to ordered flow.
According to a simulation [14], the crossover takes
place via “the smectic phase”, where there are finite spa-
tial correlations only in the flow direction. Since the
characteristic length scale of the spatial correlations in
the smectic phase is the vortex lattice spacing, which is
∼ submicrons in the present situation, it is impossible to
judge whether or not the smectic phase exists from our
present apparatus.
V. CONCLUSION
Noise in the local vortex density was investigated
in the mixed state of a high-Tc superconductor,
Bi2Sr2CaCu2Oy, using 2DEG micro-Hall probe array.
We studied the cross-correlation function, together with
the auto-correlation function, both parallel and perpen-
dicular to the flow direction of vortices. The BBN exhib-
ited the finger-print effect, and did not have large spatial
correlations. These observations suggest that the BBN
is due to fluctuations of the local vortex density gener-
ated by the bulk pinning centers under the area of each
probe. On the other hand, the NBN, whose time scale
was found to be the transit time of the vortices, had large
translational correlations. Various features of the NBN,
including the very presence or absence of the NBN, de-
pended on the samples. Thus, we consider the NBN to
have been generated by semi-macroscopic imperfections.
In relation to the dynamic phase diagram, large BBN was
observed just when the vortices started moving. The de-
pendence of the spatial correlations on the direction of
the array relative to the direction of the driving current
suggested that plastic flow was realized when the large
BBN was observed, changing into coherent flow with fur-
ther increasing driving current. The gross features of our
data agree well with some of the theoretically proposed
dynamical phase diagrams of vortices in superconductors.
Although our noise measurements were on the local-
density fluctuation, almost all other noise data have fo-
cused on the conduction noise, which mainly represents
the velocity fluctuations averaged over the whole sam-
ple. To get more detailed information from the noise ex-
periments, it is valuable to compare these two different
kind of fluctuation in the same sample. This work is in
progress, and the results will be published in a separate
publication.
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sample # Dim. (mm3) Tc (K) BFOT (G) T dep. location dep. cross-correlation
# 92r3 1.6 × 0.8 × 0.020 82 43 (T = 70 K) ◦ × ×
# 72a1 0.4 × 0.2 × 0.020 87 26 (T = 80 K) × ◦ ×
# 72c6 1.2 × 0.5 × 0.020 89 49 (T = 80 K) × × ◦
TABLE I. Samples which were used in the measurements described in this paper. BFOT is the magnetic field of the
first-order phase transition of the vortex lattice in the equilibrium phase, and Tc is the zero-resistance critical temperature of
superconductivity. ◦ and × represent that the measurement was performed and not performed, respectively.
FIG. 1. Experimental setup for local-vortex-density-noise
measurement and resistivity measurement.
FIG. 2. Schematic figures for (a) (array)‖(flow direction)
configuration v.s. (b) (array)⊥(flow direction) configuration.
FIG. 3. Dc resistivity and local magnetization at
zero-current of Bi2Sr2CaCu2Oy crystals as a function of mag-
netic field under several fixed driving currents. (a) #92r3 (b)
#72a1 (c) #72c6.
FIG. 4. Density noise spectra of site 2 in sample #72c6 as
a function of current density at 31.8 Oe and at 65 K. Current
density was increased by 48 A/cm2 in each spectrum. The
spectrum at zero current density is almost equal to the back-
ground noise spectrum (zero current density and zero mag-
netic field) in the present system.
FIG. 5. Equi-noise contour (solid curves) vs equi-velocity
contour (dashed curves) in the H − j plane at 44 K (sample
#92r3). The velocity of 7.5 × 10 cm/s corresponds to the
resistivity of 10−9 Ωcm. Inset: Equi-noise contour in the
H − j plane taken at various temperatures of sample #92r3.
Magnetic fields correspond to the FOT are 151, 67 and 28 Oe
for 50, 65 and 75 K, respectively, and the second-peak fields
are 237, 224, and 197 Oe for 32, 38, and 44 K, respectively.
FIG. 6. Noise power spectral density of sample #72a1
at a site at 80 K, taken at current densities with the same
magnitude and the different directions. The signs + and -
in the figure represent that the current directions which are
reverse to each other.
FIG. 7. BBN power spectral density of sample #72c6 gen-
erated at each different site, when the sensor array was placed
parallel to the flow direction. Magnetic field, current density
and temperature were 115 Oe, 160 A/cm2, and 65 K, respec-
tively. In this figure, the background noise at zero-current
density and zero magnetic field (shown in Fig. 4) were sub-
tracted, for convenience. Since the FOT took place at 134 Oe
at this temperature, the data were taken in the solid state.
FIG. 8. Coherence, h, of the BBN spectra in Fig. 7 taken
between several different neighboring sites which are 30 µm
apart when the sensor array is placed in the direction parallel
to the flow direction. Magnetic field, current density and
temperature were 115 Oe, 160 A/cm2, and 65 K, respectively.
FIG. 9. Coherence, h, of the BBN spectra in Fig. 7
taken between several different sites which are (a) 60 µm apart
and (b) 90 µm apart when the sensor array is placed in the
direction parallel to the flow direction. Magnetic field, current
density and temperature were 115 Oe, 160 A/cm2, and 65 K,
respectively.
FIG. 10. NBN Power spectral density of sample #72c6
generated at each different site. Magnetic field, current den-
sity and temperature were 115 Oe, 640 A/cm2, and 65 K,
respectively. The background noise was sbtracted.
FIG. 11. Coherence, h, of the NBN spectra in Fig. 10
taken between several different locations which are (a) 30 µm
apart and (b) 60 µm apart and (c) 90 µm apart when the
sensor array is placed in the direction parallel to the flow
direction. Magnetic field, current density and temperature
were 115 Oe, 640 A/cm2, and 65 K, respectively.
FIG. 12. Coherence, h, of the density noise taken between
several different sites which are 30 µm apart when the sensors
were put in the direction perpendicular to the flow direction.
(a) and (b) are for the BBN, and (c) and (d) are for the
NBN. (a) and (c) are between sites 1 and 2, and (b) and (d)
are between sites 2 and 3. Temperature and magnetic field
were 65 K and 115 Oe, respectively, and current densities were
160 A/cm2 for (a) and (b), and 640 A/cm2 for (c) and (d),
respectively.
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